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CROPPING SYSTEM†
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1Water Engineering Department, University of Zabol, Zabol, Iran
2Water Engineering Department, Sari Agricultural Sciences and Natural Resources University, Sari, Iran
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ABSTRACT
The HYDRUS (2D/3D) model was applied to investigate the probable effects of different subsurface drainage systems on the soil
water dynamics under a rainfed-canola cropping system in paddy ﬁelds. Field experiments were conducted during two rainfed-
canola growing seasons on the subsurface-drained paddy ﬁelds of the Sari Agricultural Sciences and Natural Resources Univer-
sity, Mazandaran Province, northern Iran. A drainage pilot consisting of subsurface drainage systems with different drain depths
and spacings was designed. Canola was cultivated as the second crop after the rice harvest. Measurements of the groundwater
table depth and drain discharge were taken during the growing seasons. The performance of the HYDRUS-2D model during
the calibration and validation phases was evaluated using the model efﬁciency (EF), root mean square error (RMSE), normalized
root mean square error (NRMSE) and mean bias error (MBE) measures. Based on the criteria indices (MBE = 0.01–0.17 cm,
RMSE = 0.05–1.02 and EF = 0.84–0.96 for drainage ﬂuxes, and MBE = 0.01–0.63, RMSE = 0.34–5.54 and EF = 0.89–0.99
for groundwater table depths), the model was capable of predicting drainage ﬂuxes as well as groundwater table depths. The
simulation results demonstrated that HYDRUS (2D/3D) is a powerful tool for proposing optimal scenario to achieve sustainable
shallow aquifers in subsurface-drained paddy ﬁelds during winter cropping. Copyright © 2017 John Wiley & Sons, Ltd.
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RÉSUMÉ
Le modèle HYDRUS (2D/3D) a été appliqué pour étudier les effets probables de différents systèmes de drainage souterrain sur
la dynamique de l’eau du sol dans le système de culture du colza pluvial implanté dans des rizières. Des expériences sur le
terrain ont été menées pendant deux saisons de culture de colza pluvial dans les rizières drainées de l’Université des sciences
agricoles et des ressources naturelles de Sari, province de Mazandaran, dans le nord de l’Iran. Un pilote de drainage était
composé de drains enterrés à différentes profondeurs et différents écartements. Le colza a été cultivé comme deuxième récolte
après la récolte de riz. Des mesures de la profondeur de nappe et de débit ont été effectuées pendant les saisons de croissance.
La performance du modèle HYDRUS-2D lors des phases d’étalonnage et de validation a été évaluée à l’aide de l’efﬁcacité du
modèle (EF), de l’erreur carrée moyenne (RMSE), de l’erreur carrée moyenne normalisée (NRMSE) et des mesures de l’erreur
de biais moyen (MBE). Sur la base des indices de critères (MBE = 0.01–0.17 cm, RMSE = 0.05–1.02 et EF = 0.84–0.96 pour
les ﬂux de drainage, et MBE = 0.01–0.63, RMSE = 0.34–5.54 et EF = 0.89–0.99 pour profondeurs de nappe), le modèle était
capable de prédire les ﬂux de drainage ainsi que les profondeurs de la nappe phréatique. Les résultats de la simulation ont
démontré que la gestion de la nappe souterraine peut être une stratégie efﬁcace pour maintenir les aquifères à faible profondeur
dans les rizières drainées pendant la culture hivernale. Copyright © 2017 John Wiley & Sons, Ltd.
mots clés: HYDRUS (2D/3D); ﬂux de drainage; simulation dynamique; rizière; ; niveau hydrostatique
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INTRODUCTION
Subsurface drainage in poorly drained paddy ﬁelds of north-
ern Iran provides suitable conditions for growing winter
crops, mainly by improving soil conditions by lowering
the groundwater table below the root zone, creating a deeper
aerobic zone, enabling faster soil drying, and improving the
root zone soil conditions (Jafari-Talukolaee et al., 2016).
Improved crop productivity may readily justify the installa-
tion costs of subsurface drainage systems and provide
suitable conditions for the adaptation of such technology
by local farmers. Although subsurface drainage provides
suitable conditions for winter cropping by combating the
waterlogging problem, it also alters the soil water dynamics.
Therefore, further research is required to analyse such
effects under different drainage systems.
Field investigations assessing the long-term consequences
of different subsurface drainage systems are usually
restricted by high costs. However, some general knowledge
is required in the planning and optimizing stages of drainage
projects prior to their implementation on a large scale.
Simulation models, which are effective tools for capturing
soil–water–crop interactions, have been developed during
the past decades (Wagenet and Hutson, 1989; Wessolek,
1989; Vanclooster et al., 1996; Van Dam et al., 1997;
Fernández et al., 2002; Cameira et al., 2003; Panigrahi and
Panda, 2003; Neitsch et al., 2005; Nishat et al., 2007). Of
the different models, HYDRUS (2D/3D) (Šimůnek et al.,
2008, 2016) is one of the most widely used dynamic,
physically based models to simulate soil water dynamics
(e.g. Cote et al., 2003; Skaggs et al., 2004; Ajdari et al.,
2007; Rahil, 2007; Crevoisier, 2008; Lazarovitch et al.,
2009; Siyal and Skaggs, 2009; Mubarak, 2009; Ramos
et al., 2012; Tafteh and Sepaskhah, 2012; Karandish and
Šimůnek, 2016a, b). One of the advantages of this model is
that its input parameters are closely related to soil physical
properties, which could be measured either in situ or in the
laboratory (Karandish and Šimůnek, 2016b). Moreover,
since the input parameters of HYDRUS (2D/3D) are directly
related to soil, crop and climate properties, the model
often provides superior predictions than simpler soil water
balance models.
Several earlier studies applied HYDRUS (2D/3D) for
predicting soil–water–crop interactions in paddy ﬁelds
(Janssen and Lennartz, 2009; Garg et al., 2009; Tan et al.,
2014; Li et al., 2014, 2015) because of its ﬂexibility in
accommodating different types of boundary conditions for
water ﬂow and solute transport calculations and its capability
to simultaneously consider root uptake of water and nutrients
(Li et al., 2015). The results of these studies generally em-
phasized the high capability of this model to simulate water
and nutrient ﬂuxes at the ﬁeld scale. Both HYDRUS-1D
and HYDRUS (2D/3D) have been reported to be capable
of simulating water and nitrogen dynamics in paddy ﬁelds
(Tan et al., 2014, 2015), even in a multi-layered paddy soil
(Tan et al., 2014). The applicability of HYDRUS-1D for
determining soil water dynamics under preferential ﬂow
was also demonstrated by Garg et al. (2009), who did
research in a multi-layer paddy soil. Using HYDRUS-1D,
water and nutrient ﬂow was also accurately simulated by
Li et al. (2014, 2015) for direct-seeded rice ﬁelds. However,
a literature review revealed that no research has been yet
conducted on the applicability of the HYDRUS (2D/3D)
model to analyse the effects of drainage systems on soil
water dynamics during winter cropping in poorly drained
paddy ﬁelds. Therefore, the main objective of this research
was to use collected experimental data involving groundwa-
ter table drawdown and water balance components to
evaluate the capability of the HYDRUS (2D/3D) model to
predict daily ﬂuctuations of drainage ﬂuxes and groundwater
table depths during a second cropping on subsurface-drained
paddy ﬁelds.
MATERIALS AND METHODS
Field trial
A ﬁeld study was conducted during two rainfed canola
growing seasons (2011–2012 and 2015–2016) on the
4.5 ha consolidated paddy ﬁeld at the Sari Agricultural
Sciences and Natural Resources University in Mazandaran
Province of northern Iran (Figure 1). The area is located in
the coastal zone of the eastern part of the Caspian Sea.
The climate of the region is alternately inﬂuenced by cold
Arctic air, humid temperate air from the Atlantic Ocean,
dry and cold air associated with Siberian high pressure
zones, and Mediterranean warm air. The soil on the site is
silty clay and clay to a depth of 300 cm. The saturated
hydraulic conductivities of different layers of the soil proﬁle
are very low. Table I provides hydraulic parameters and soil
physical properties for different soil layers in the study area.
The complex hydrological system presented in Table I is
common for paddy soils. Puddling is traditionally done to
reduce water loss from lowland rice ﬁelds. After puddling,
the root zone undergoes structural changes leading to the
formation of a layered proﬁle with a hydraulically less con-
ductive plough sole below the root zone (Garg et al., 2009).
This layer is called the ‘hardpan’ layer, which causes water
to ﬂow horizontally from between the drains to the
backﬁlled trench in a surface soil layer and then vertically
into the drains (Ogino and Ota, 2007).
Eleven PVC corrugated drain pipes (100 m long, with an
outside diameter of 100 mm) were installed at the study site
in June–July of 2011 at depths of 0.65 and 0.9 m and
spacing of 15 and 30 m. Four different subsurface drainage
systems were analysed by installing drains at different
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depths (Dx, where subscript x indicates a drain depth in
metres) and spacing (Ly, where subscript y indicates a drain
spacing in metres): D0.9L30, D0.65L30 and D0.65L15. The last
drainage system, denoted as Bilevel, has a drain spacing of
15 m and alternate drain depths of 0.65 and 0.9 m. Further
details about the experimental design can be found in
Darzi-Naftchali et al. (2013). Figure 1 shows the location
of the research ﬁeld in the country and the layout of the
drainage systems in the research ﬁeld.
Before crop cultivation, soil samples were taken from
each drainage system plot every 30 cm to a depth of
200 cm. Soil physical and chemical properties were de-
termined from these soil samples. Soil water contents
at 14 different pressure heads (from 0 to 16 bar) were
measured in the laboratory using a pressure plate appara-
tus. The van Genuchten–Mualem model (van Genuchten,
1980) was then ﬁtted to the observed retention curves
using the RETention Curve (RETC) model. Crops were
then sown on 28 November 2011 and 3 October 2015.
All agricultural operations followed the conventional
practices of the local growers in the study area. Daily
measurements of groundwater table depths were made
manually in the observation wells that were dug midway
between drains. Moreover, drainage discharge was mea-
sured daily in all drainage systems. Drains were only
plugged during the last month of the growing season be-
fore harvest. Crops were harvested on 8 May 2012 and 3
May 2016.
Figure 1. Location of the study area in the Mazandaran Province (top right) of Iran (top left) and the layout of the drainage systems (bottom). [Colour ﬁgure can
be viewed at wileyonlinelibrary.com]
Table I. Physical properties and hydraulic parameters of different soil layers in the study area
Soil depth (cm) Clay (%) Silt (%) Sand (%) Soil texture θr θs α (cm
1) n l Ks (cm day
1)
0–30 48.5 44.4 7 Silty clay 0.001 0.40 0.004 1.19 0.5 25.6
30–60 55.5 42 2.5 Silty clay 0.001 0.40 0.008 1.12 0.5 8.1
60–90 46.5 45.5 8 Silty clay 0.192 0.40 0.008 1.36 0.5 20.7
90–120 42.5 51.5 6 Silty clay 0.098 0.40 0.006 1.42 0.5 16.3
120–150 52 42 6 Silty clay 0.001 0.57 0.004 1.27 0.5 10.9
150–200 58.5 35.5 6 Clay 0.229 0.59 0.004 1.47 0.5 8.3
θr and θs are the residual and saturated water contents, respectively, reported on a volumetric basis, Ks is the saturated hydraulic conductivity, and α, n, and l are
the shape factors in the van Genuchten–Mualem model (van Genuchten, 1980).
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SIMULATION APPROACH
HYDRUS (2D/3D) (Šimůnek et al., 2008) is a powerful
software for simulating transient, two- or three-dimensional
movement of water and nutrients in soils for a wide range of
boundary conditions, irregular boundaries and soil heteroge-
neities. Water ﬂow in soils is described using the Richards
equation as follows:
∂θ
∂t
¼ ∂
∂x
Kx
∂h
∂x
 
þ ∂
∂z
Kz
∂h
∂z
 
 ∂k
∂z
WU h; x; zð Þ
(1)
where θ is the volumetric soil water content (SWC)
[L3 L3], K is the unsaturated hydraulic conductivity
[LT1], h is the soil water pressure head [L], x is the lateral
coordinate [L], z is the vertical coordinate (positive
downwards), t is time [T], and WU(h, r, z) denotes root
water uptake [T1]. WU is computed as follows:
WU h; x; zð Þ ¼ γ hð ÞRDF x; zð ÞWTpot (2)
where γ(h) is the soil water stress function (dimensionless)
of Feddes et al. (1978), RDF is the normalized root water
uptake distribution [L2], Tpot is the potential transpiration
rate [LT1], and W is the width of the soil surface [L]
associated with the transpiration process. The values recom-
mended by Tafteh and Sepaskhah (2012) were adopted for
the coefﬁcients of the Feddes equation. Although root distri-
bution data were measured weekly, the root distribution was
assumed to be uniform in time during each simulation
period (which is a restriction of HYDRUS).
The van Genuchten–Mualem constitutive relationships
(van Genuchten, 1980) were applied for modelling soil
hydraulic properties. A rectangle 200 cm deep (since the
impermeable layer was at the 200 cm soil depth) and either
30 m wide for the D0.9L30 and D0.65L30 drainage systems or
15 m wide for the D0.65L15 and Bilevel drainage systems
was deﬁned as a two-dimensional transport domain in the
model. The transport domain was discretized using an
unstructured, triangular, ﬁnite element mesh (FEM). A
non-uniform FEM was generated by HYDRUS (2D/3D)
with ﬁnite element sizes gradually increasing with distance
from the drains. Six soil horizons with different soil hydrau-
lic properties were deﬁned for the 0–30, 30–60, 60–90,
90–120, 120–150 and 150–200 cm soil depths (Table I).
An additional soil layer was considered to represent the
backﬁlled drain trench (gravel), with a higher hydraulic
conductivity above and around drains.
The measured pressure head distribution was applied to
deﬁne the initial conditions for ﬂow simulations. The
atmospheric boundary condition was applied at the top of
the transport domain. The interactions between soil and
atmosphere were described using the atmospheric time-
variable boundary condition and measured meteorological
data. Potential evapotranspiration (ET0) was calculated
using the FAO 56 Penman–Monteith method (Allen et al.,
1998), while soil evaporation (Ep) and crop transpiration
(Tp) were determined according to the dual crop coefﬁcient
approach (Allen et al., 1998):
ETp ¼ Ep þ Tp ¼ keET0 þ kcbET0 (3)
where ETp is crop evapotranspiration, Ep is soil evaporation
(mm), Tp is crop transpiration, and ke and kcb are soil evap-
oration and crop basal coefﬁcients, respectively. Standard
canola kcb values, suggested by Allen et al. (1998), were
0.4, 0.95 and 0.25 for the initial, mid-season and the end
of the late-season growth stages, respectively. These values
were adjusted for the local climate, taking into consideration
the crop height, wind speed and minimum relative humidity
averages for the period under consideration. Figure 2 shows
Figure 2. Daily potential soil evaporation (Ep) and potential transpiration (Tp) estimated using the dual crop coefﬁcient approach during 2011–2012 (a) and
2015–2016 (b) growing seasons. DAP represents the number of days after planting.
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daily potential transpiration (kcb ×ET0) and soil evaporation
(ke ×ET0) during the 2011–2012 and 2015–2016 growing
seasons. These values were then used as time-variable
boundary conditions in the model, along with precipitation
received at the site during the experimental periods.
The seepage face boundary condition was used to
represent the drains during the drainage periods. All other
remaining boundaries were assigned a no-ﬂow boundary
condition.
Daily measured drainage ﬂuxes (DF) as well as ground-
water table depths (WD) during the 2011–2012 growing
season were used to calibrate the HYDRUS (2D/3D) model
for all drainage systems. During the calibration process, the
saturated hydraulic conductivity (Ks), the residual soil water
content (θr), and the saturated soil water content (θs) were
optimized using the inverse analysis of HYDRUS (2D/3D)
and measured WD, while the shape parameters α, n and l
in the van Genuchten–Mualem model (van Genuchten,
1980) were kept equal to values obtained by the RETC
model. Finally, the accuracy of HYDRUS (2D/3D) was
assessed using the criteria indices such as mean bias
error (MBE), root mean square error (RMSE) and model
efﬁciency (EF) (Parchami-Araghi et al., 2013):
RMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
∑ni¼1 Oi  Pið Þ2
n
s
(4)
MBE ¼ ∑
n
i¼1 Oi  Pið Þ
n
(5)
EF ¼ 1 ∑
n
i¼1 Oi  Pið Þ2
∑ni¼1 Oi  Oi
 2 (6)
where Pi and Oi are the predicted and observed data, respec-
tively, O and P are the averages of observed and simulated
data, respectively, and n is the number of observations.
RESULTS AND DISCUSSION
Temporal variations of the observed and simulated drainage
ﬂuxes (DF) for different drainage systems as well as the
related scatter plots are displayed in Figure 3 for the calibra-
tion period. The determination coefﬁcients of 0.93–0.96
reveal a good agreement between the observed and
simulated daily DF for all drainage systems when the opti-
mized soil hydraulic parameters were used during the cali-
bration period. A higher R2 (0.96) was obtained for
D0.65L15 where DF were higher, while D0.9L30 with ob-
served DF in the range of 0–2.25 mm day1 had the lowest
R2 (0.93). Figure 3 shows that HYDRUS (2D/3D) per-
formed very well in simulating average DF during the grow-
ing season of 2011–2012. The average observed DF for the
Bilevel, D0.65L15, D0.65L30 and D0.9L30 drainage systems in
the 2011–2012 growing season were 1.6, 2.66, 0.69 and
1.37 mm day1, respectively, while the corresponding
simulated values were, 1.61, 2.69, 0.7 and 1.38 mm day1,
respectively.
Figure 4 shows the temporal ﬂuctuation of simulated and
observed daily water depths (WD) for different drainage
systems for the 2011–2012 growing season. HYDRUS
(2D/3D) was able to capture the temporal trend of WD for
all drainage systems. WD ﬂuctuations during this period
were mainly due to variations in precipitation, evaporation
and crop water demand, as well as percolation. Except for
a few days in the D0.9L30 and D0.65L15 drainage systems,
the HYDRUS (2D/3D) model slightly underestimated WD
during the calibration periods (Figure 4). In this period, the
determination coefﬁcients were 0.96, 0.90, 0.86 and 0.94
for the D0.9L30, Bilevel, D0.65L30 and D0.65L15 drainage
systems, respectively. The average observed WD for the
Bilevel, D0.65L15, D0.65L30, and D0.9L30 drainage systems
during the measuring period of the 2011–2012 growing sea-
son were 15.0, 2.1, 24.1, and 32.0 cm, respectively,
while the corresponding simulated values were 14.5,
2.5, 24.0, and 33 cm, respectively.
While the results given in Figures 3 and 4 indicate the
strong predictive capabilities of the HYDRUS (2D/3D)
model, some minor differences between measured and sim-
ulated water contents were still observed. These differences
can be partly explained by the representation of soil
heterogeneity in the model. While soil texture and hydraulic
parameters usually change gradually in the soil proﬁle
(Tan et al., 2015), six distinct soil layers with different soil
hydraulic parameters were deﬁned in the model. Increasing
the number of soil layers or gradually varying soil hydraulic
parameters may improve the simulation results. However,
the simulated DF and WD agree well overall with measured
data, as indicated by the statistical measures for the model
performance (Table II). The performance of the HYDRUS
(2D/3D) model in simulating DF and WD in terms of
RMSE, MBE and EF is summarized in Table II. For the
calibration period, the RMSE values characterizing
differences between observed and simulated DF were
0.09 mm day1 for the D0.9L30, 0.11 mm day1 for the
Bilevel, 0.05 mm day1 for D0.65L30 and 0.18 mm day
1
for the D0.65L15. Despite a slight overestimation
(MBE = 0.01–0.02 mm day1), the EF values, ranging from
0.92 to 0.96, indicated that the simulated DF agreed well
with the observed values for all drainage systems during
the calibration period. In addition, having RMSE = 0.37–
2.23 cm, MBE = 0.01–0.25 cm and EF = 0.96–0.99, the
HYDRUS (2D/3D)-simulated WD agreed well with the ob-
served values (Table II). WD were generally underestimated
during the 2011–2012 growing season for all drainage sys-
tems except for D0.9L30, in which WD were overestimated
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by less than 1%. In general, higher accuracy in estimating
DF and WD was obtained for the D0.65L15 while the highest
error was observed for the D0.65L30 during the calibration
period (Table II).
The calibrated model was then applied to simulate DF and
WD for different drainage systems during the 2015–2016
growing season (the validation period). The agreement be-
tween observed and simulated DF and WD was quantita-
tively assessed using the RMSE and MBE statistics
(Table II). The model performance criteria for the validation
period indicated the strong predictive capability of the
model. EF, RMSE and MBE for DF ranged from 0.84–
0.86, 0.4–1.02 and 0.06–0.17 mm day1, respectively,
across different drainage systems, while for WD, the consid-
ered indices ranged from 0.89–0.96, 1.67–4.54 and – (0.16–
0.63) cm, respectively. Table II indicates that overestimation
was about 6.4–7.9% for DF and 2.8–3.8% for WD.
The comparison between simulated and measured values
of DF with the 1: 1 line in Figure 5 also indicated that
HYDRUS (2D/3D) can be successfully used to predict daily
ﬂuctuations of DF for different drainage systems in the
2015–2016 growing season. The average observed DF for
the Bilevel, D0.65L15, D0.65L30 and D0.9L30 drainage systems
during the validation period were 1.78, 2.18, 0.87 and
1.1 mm day1, respectively, while the corresponding
simulated values were 1.91, 2.35, 0.94 and 1.1 mm day1,
respectively. In addition, the determination coefﬁcients var-
ied in the range 0.91–0.93 across different drainage systems,
indicating the strong predictive capability of the model.
Figure 6 compares temporal variations of simulated and
observed WD for various drainage systems during the
cropping cycles of 2015–2016 (the validation data set).
Generally, simulated WD agreed well with observed
values, with the determination coefﬁcients ranging from
0.83 to 0.97. The close match between simulated and
observed daily values of WD, as well as their seasonal
trends, can be found in Figure 6. Better results were
obtained for seasonal WD averages than for daily values:
seasonal averages of observed WD for the D0.9L30,
Bilevel, D0.65L30 and D0.65L15 drainage systems during
Figure 3. Temporal variations of drain discharges and precipitation (P) during the 2011–2012 growing season (the calibration period) for the four drainage
systems. [Colour ﬁgure can be viewed at wileyonlinelibrary.com]
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the validation period were 16.4, 44.8, 42.2 and
47.3 cm, respectively, while corresponding simulated
values were 15.1, 44.9, 43.2 and 48.3 cm,
respectively. A visual inspection of scatter plots in
Figure 6, which compares observed and HYDRUS-
estimated WD, clearly indicates the high potential of the
Table II. The criteria indices comparing the observed and simulated drain discharges (DF) and groundwater table depths (WD) during the
calibration (the 2011–2012 growing season) and validation periods (the 2015–2016 growing season)
Drainage systems
Year Parameter Criteria index D0.9L30 Bilevel D0.65L30 D0.65L15
2011–2012 DF MBE (mm day1) 0.01 0.01 0.01 0.02
RMSE (mm day1) 0.09 0.11 0.05 0.18
EF 0.92 0.94 0.94 0.96
WD MBE (cm) 0.01 0.10 0.13 0.25
RMSE (cm) 0.37 1.30 1.75 2.23
EF 0.99 0.99 0.98 0.96
2015–2016 DF MBE (mm day1) 0.07 0.13 0.06 0.17
RMSE (mm day1) 0.46 0.85 0.40 1.02
EF 0.84 0.84 0.86 0.85
WD MBE (cm) 0.16 0.45 0.53 0.63
RMSE (cm) 1.67 3.96 3.89 4.54
EF 0.91 0.92 0.96 0.89
Figure 4. Temporal variations of the groundwater table depth (WD) and precipitation (P) during the 2011–2012 growing season (the calibration period) for the
four drainage systems. [Colour ﬁgure can be viewed at wileyonlinelibrary.com]
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HYDRUS (2D/3D) modelling. Note the high values of
the determination coefﬁcients for various drainage sys-
tems (0.83–0.97) (Figure 6).
The results for the simulated WD and DF during the
calibration (cropping cycles of 2011–2012) and validation
(cropping cycles of 2015–2016) periods clearly represent a
slight variance in the model’s performance between various
drainage systems. Such results may be attributed to different
volumes of water ﬂowing through the preferential ﬂow paths
formed during the drainage periods in various drainage
systems. Such paths form when paddy soils crack when
being drained (Tournebize et al., 2006; Janssen and
Lennartz, 2009). The cracks may originate in the backﬁlled
trench and expand further with time. While the number of
cracks depend on the drainage design parameters
(Darzi-Naftchali et al., 2017), they affect the volume of
preferential ﬂow in different drainage systems. Hence, the
model may perform slightly less well in capturing water
ﬂow in paddy soils when the dual-porosity model is not
considered (Garg et al., 2009; Sander and Gerke, 2009).
Moreover, the model performance may be affected by
neglecting the temporal variations of soil hydraulic parame-
ters during the simulation periods. In fact, while the appear-
ance and disappearance of cracks with different
susceptibilities to swelling and shrinkage may cause
dynamic changes in hydraulic conditions in paddy soils as
a result of wetting and drying cycles (Sander and Gerke,
2007; Garg et al., 2009), we considered hydraulic properties
to be constant over the whole growing season.
Overall, both the visual inspection of the scatter plots and
the calculated values of the criteria indices, which compare
the observed and HYDRUS (2D/3D)-estimated DF and
WD during both growing seasons (the calibration period of
2011–2012 and the validation period of 2015–2016), clearly
indicate the high potential of the HYDRUS (2D/3D)
modelling. There was a close match between the observed
and simulated data, with acceptable errors in all drainage
systems. This capability makes the model applicable for
the assessment of different groundwater table management
strategies during the canola growing season. Moreover, sim-
ulated groundwater table proﬁles clearly indicate that
HYDRUS (2D/3D) is a suitable tool for predicting
Figure 5. Temporal variations of drain discharges and precipitation (P) during the 2015–2016 growing season (the validation period) for the four drainage
systems.
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groundwater table ﬂuctuations after irrigation or rainfall
even in the presence of crops. The high accuracy of
HYDRUS (2D/3D) is mainly due to the use of a determin-
istic approach for simulating soil water dynamics based on
the Richards equation (Doltra and Munoz, 2010). Earlier
research has also demonstrated the high potential of
HYDRUS (2D/3D) for simulating soil water dynamics in
different drained ﬁelds (Janssen and Lennartz, 2009; Garg
et al., 2009; Tan et al., 2014; Li et al., 2014, 2015). For
example, Tan et al. (2014) demonstrated that the soil water
regime in lowland paddy ﬁelds under different water man-
agements can be successfully modelled with HYDRUS-
1D, obtaining RMSE for pressure heads 1.80–9.43 cm,
with a mean of 5.17 cm, and EF 0.56–0.94, with a mean
of 0.80. Their reported RMSE and EF were largely lower
than those of Wang et al. (2010). Based on a 2-year ﬁeld
investigation, the HYDRUS-1D software package was
used to simulate water movement in experimental paddy
ﬁelds under various water irrigation and drainage manage-
ments. Their results showed only minor differences
between measured and simulated water contents
(RMSE = 10–20 mm and EF = 0.79–0.91) during the en-
tire cropping cycles (Tan et al., 2015). Li et al. (2014,
2015) reported a very good correspondence between ob-
served and simulated pressure heads (with EF = 0.97 and
RMSE = 2.61 cm for the calibration period and EF = 0.94–
0.95 and RMSE = 2.86–9.54 cm for the validation period),
when simulating water movement and water losses in a
direct-seeded rice ﬁeld using HYDRUS-1D. Phogat et al.
(2010) studied a micro-lysimeter system to test the
capability of HYDRUS-ID to model the water balance
and salt build-up in the soil under a rice crop irrigated with
waters of different salinities. The low values of RMSE
(10–20 mm) reported in their research indicate a good
agreement between measured and modelled bottom ﬂux
values. Moreover, differences in means between measured
and predicted values of bottom ﬂuxes, as tested by a paired
t-test, were also not found signiﬁcant at P = 0.05, which
veriﬁed the applicability of the HYDRUS-1D to simulate
percolation from micro-lysimeters under a rice crop.
Figure 6. Temporal variations of the groundwater table depth (WD) and precipitation (P) during the 2015–2016 growing season (the validation period) for the
four drainage systems. [Colour ﬁgure can be viewed at wileyonlinelibrary.com]
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CONCLUSION
Using a 2-year ﬁeld investigation, we evaluated the accu-
racy of the HYDRUS (2D/3D) model to simulate soil water
dynamics under different drainage systems during rainfed
canola cropping in paddy ﬁelds. HYDRUS (2D/3D) was
able to capture the temporal ﬂuctuations of groundwater
table depths (RMSE = 0.05–1.02 and EF = 0.84–0.96)
caused by variations in precipitation, evaporation, crop
water demand and percolation during both cropping cycles.
Both the seasonal trend and mean values of water ﬂuxes
simulated by HYDRUS-2D were in good agreement with
corresponding observed values (RMSE = 0.01–0.63 and
EF = 0.89–0.99), indicating that the model is well suited
for experimental ﬁeld conditions. Small differences were
found in the model’s performance for various drainage
systems, which may have been caused by neglecting
preferential ﬂow and using the single-porosity ﬂow model.
Such differences may be expected when assuming constant
soil hydraulic parameters thorough the simulation process
while dynamic changes in hydraulic properties may have
occurred as a result of wetting and drying cycles. While
such considerations may improve simulation results, both
visual inspection of the scatter plots and calculated values
of criteria indices clearly indicate the high potential of
HYDRUS (2D/3D) modelling in our research. Hence, it
can be concluded that the HYDRUS (2D/3D) model, rather
than labour- and time-consuming and expensive ﬁeld
investigations, can be reliably used for determining the
optimal drainage system for the northern paddy ﬁelds
of Iran.
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